Abstract: A simple method to fabricate colloidal thin films with periodical structures was investigated. In this study, poly(N-isopropylacrylamide) (PNIPAM) microgel and polystyrene particles with PNIPAM chains on the surface (hairy particles) are used as components. Aqueous dispersions of these PNIPAM-carrying particles spontaneously form monolayers as water evaporates. After the medium is completely evaporated, periodical structures remain on the substrate. This paper focuses on the effect of graft chain density of the hairy particles on film formation.
Introduction
There has been increasing interest in 2-D and 3-D colloidal crystals in recent years. These periodical structures on sub-micron scale are promising candidates for applications such as photonic devices. To prepare 2-D colloidal arrays, Langmuir-Blodgett or casting techniques are widely used. Furthermore, it is known that 2-D colloidal arrays can be fabricated by utilizing the self-organization of particles. In this study, a method to prepare particle thin films in a very simple, self-assembling way was developed. PNIPAM-containing particles were used as building blocks. Two kinds of particles, PNIPAM microgel particles and PNIPAM chain grafted polystyrene particles (hairy particles) [1] [2] were prepared. Both types of particles having PNIPAM layers on their surfaces spontaneously form periodical structures on substrates after evaporation of water.
Using these PNIPAM-carrying particles, monolayers on substrates were prepared by a self-assembling process. The effect of graft chain density of the hairy particles on film formation as well as the effect of the substrates were investigated.
Experimental part
NIPAM was recrystallized from hexane-toluene mixture. Styrene and glycidyl methacrylate were distilled under reduced pressure before use. Potassium persulfate (KPS) was purified by recrystallization from water. N,N'-Methylenebisacrylamide (BIS) and ammonium cerium nitrate (Ce) were used as received. The reagents were purchased from Wako Pure Chemicals Co. unless otherwise noted.
PNIPAM microgel particles and PNIPAM chain carrying hairy particles were prepared in soap-free polymerization processes [2, 7] .
PNIPAM microgel particles were prepared by precipitation polymerisation without using surfactants. Monomer NIPAM (Kojin Co.) and cross-linker N,N'-methylenebisacrylamide (BIS) (NIPAM/BIS = 24/1 w/w) were added to 110 mL water. The vessel was heated to 70°C and saturated with nitrogen. The initiator potassium persulfate (KPS) was dissolved in 10 g water and the solution was added to the vessel to initiate the polymerisation. The reaction was continued for 4.5 h.
PNIPAM chain carrying hairy particles were prepared according to a method described previously [8] . The core particles were synthesized by co-polymerising 1.2 g styrene, 1.8 g glycidyl methacrylate and 0.04 g divinylbenzene with 0.06 g KPS in 110 mL water at 70°C. After 2 h from initiation, 2 g of glycidyl methacrylate was added to the vessel and the reaction was continued for 24 h. Poly(glycidyl methacrylate) on the particle surface was partially hydrolysed to form glycol groups during the polymerisation. After purification of the core particles, graft polymerisation of PNIPAM from the surface was carried out. Because PNIPAM is thermo-sensitive, it is required to polymerise it below its lower critical solution temperature (LCST). Graft polymerisation of NIPAM from the core surface was carried out in water at 25°C by using the redox reaction between ammonium cerium nitrate (Ce) and glycol groups. 0.5 g Core particles and 0.075 g Ce were added to 75 g acetic buffer (pH 3.3, 15 mM) to initiate graft polymerisation. Ce and glycerol groups on the core particles surface formed radicals of carbon adjacent to a hydroxy group at room temperature so that PNIPAM grew in its swollen state.
PNIPAM microgel and hairy particles were purified by repeating the process of centrifugation and decantation. Film formation from PNIPAM-carrying particles was carried out by air-drying. Diluted dispersions (10 -4 -10 -3 wt.-%) of PNIPAM-carrying particles were dropped onto substrates and dried at 25°C.
The hydrodynamic size of the particles was measured by dynamic light scattering (PAR-3, Otsuka electronics Co.). The films prepared from polymer particles were characterized by scanning electron microscopy (SEM) (FE-SEM, S-4700, Hitachi Ltd.) and atomic force microscopy (AFM) (SPA300/SPI3700, SII NanoTechnology Inc.). For SEM measurements, the samples were sputter-coated with platinum/ palladium before the observation.
Results and discussion
Two kinds of mono-disperse colloidal particles were obtained by surfactant-free processes. Both PNIPAM microgel particles and PNIPAM chain carrying hairy particles have PNIPAM layers on their surfaces. PNIPAM microgel particles were prepared by precipitation polymerisation of NIPAM monomer with N,N'-methylenebisacrylamide (BIS) cross-linker in water at 70°C. Hydrodynamic diameters of the obtained PNIPAM microgel were 790 nm at 25°C (swollen state) and 420 nm at 45°C (shrunken state). When a diluted aqueous dispersion of PNIPAM microgel particles was dropped on a glass substrate, a periodical structure as shown in Fig. 1 was formed after water evaporated.
PNIPAM microgel particle PNIPAM microgel particle Fig. 1 . AFM topological image of an ordered particle array. The thin film was prepared from PNIPAM microgel particles by drying the dispersion from water Fig. 1 indicates that the PNIPAM microgel particles were ordered in a monolayer with constant distance between the particles. This unique structure on a substrate was formed in a self-organizing process of the particles. As water surrounding the particles evaporates, convection occurs and it carries the particles. Because PNIPAM is an amphiphilic polymer, PNIPAM-carrying particles are placed on the air-water interface [3] [4] during their convective motion. Then the particles approach each other due to the capillary force or the interaction between them. This causes the spontaneous ordering of particles into a monolayer at the air-water interface. As water further evaporates, the particle monolayer is transferred onto the substrate. It is expected from this mechanism that particle thin films can be formed independent of the characteristics of the substrates. Fig. 2 shows particle monolayers prepared from the same PNIPAM microgel but on different substrates. The periodic structures were obtained on polymer (polystyrene), glass, silicon wafer and metal (gold) surfaces. Fig. 2 indicates that the particles ordered on substrates became flat and exhibited inter-particle distances. This is due to the shrinkage of PNIPAM microgel particles when the water was completely evaporated. This feature shows that particles formed thin films in their swollen state.
The spontaneous formation of particle thin films was observed not only for PNIPAM microgel particles, but also for PNIPAM-carrying polystyrene particles (hairy particles) in the same way [5] [6] . In this paper, hairy particles prepared by conventional radical graft polymerisation were used to examine the effect of graft chain density on the particle surface. Hairy particles were prepared by graft polymerisation under the same reaction conditions but for different reaction times. The polymerisation of NIPAM from glycerol groups on the core particle proceeded as shown in Scheme 1 [2] . The ceric ion / glycol redox reaction was used for the initiation of graft polymerisation because it forms radicals of carbon adjacent to a hydroxyl group on the core particles at room temperature. As polymerisation goes on, the number of graft chains on a core particle increases, so the hairy particles obtained from each stage of the reaction might have different numbers of PNIPAM chains on their surfaces.
Initiation of the ceric ion / glycol redox reaction (above) and the graft polymerisation of NIPAM from the core particle surface to obtain a hairy particle (below)
Hydrodynamic diameters of the hairy particles prepared by changing the reaction time were measured as a function of temperature (Fig. 3) . The molecular weight of grafted PNIPAM was measured as 2.4·10 6 in our previous report [2] . Using this data and measuring the weight increase of hairy particles, the chain densities (chains/nm 2 ) of each stage of polymerisation were estimated as 1.77·10 -3 at 15 min, 2.2·10 -3 at 60 min, 3.4·10 -3 at 90 min, and 3.9·10 -3 at 22 h. Fig. 3 shows that the swollen sizes of PNIPAM chain grafted particles increased compared to that of the core particles, and they became bigger by further incorporation of PNIPAM chains on the surface. This indicates that incorporation of more PNIPAM chains caused an extension of the grafted chains because of the exclusion effect. PNIPAM is well known as thermo-responsive polymer. It is soluble in water below 31°C, whereas it becomes insoluble when the solution is heated. The PNIPAM carrying hairy particles exhibit a swell-to-shrink transition depending on temperature as shown in Fig. 3 . The hairy particles were swollen when the temperature was below 34°C, but shrunk to approximately the same size as that of core particles when the temperature grew over 34°C. Thin films prepared from these hairy particles are shown in Fig. 4 .
The hairy layer of the particles shrunk and could not be distinguished from the substrates when they were dried. The film formation of hairy particles can be discussed from the position of the core particles as shown in Fig. 4 . It shows that hairy particles obtained at the early stage of graft polymerisation do not have the ability to form a periodical structure by self-assembly. Even though they spread into a monolayer, particles obtained after 15 and 60 min polymerisation time gathered inhomogeneously (Fig. 4 a and b) . It indicates that insufficient introduction of PNIPAM chains does not give the particles enough steric hindrance to avoid coagulation during the drying process. Obviously, it needs hairy particles having dense PNIPAM chains to obtain a homogeneous film by self-organization. Fig. 4 also shows that the higher chain density gave further extension of hairy chains (Fig. 3) , which resulted in higher distances between the particles ordered on the substrate. In addition, the films obtained from the hairy particles were less regular compared to those from PNIPAM microgels. Higher densities of PNIPAM chains or a narrow distribution of the molecular weight of graft chains on core particles might be requested to obtain films of higher regularity from hairy particles. Such hairy particles would be obtained when the graft polymer on the core surface is synthesized by living radical polymerisation [5] [6] . It could give more uniform molecular weights of graft polymer as well as a higher density of graft chains than obtained via conventional free radical polymerisation.
Conclusion
Particle thin films were successfully obtained by a self-organization process during water evaporation using PNIPAM-carrying microspheres as components. PNIPAM hydrogel particles and PNIPAM graft chain carrying hairy particles formed particle monolayers when they were dried from water at 25°C. The periodical structures obtained from these particles were independent of the kind of substrate. In the case of hairy particles, a high density of chains on the core particle surface is requested for the formation of homogeneous thin films.
